This paper describes an attempt to synthesize bismuth-doped diamond by plasma CVD.
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1.Introduction
There are various carbon materials; i.e., graphene, carbon nanotube, fullerene, diamond, etc.
The variation is still increasing with the addition of less-common allotropes including chaoite [1] [2] , carbyne [3] , compressed super hard graphite [4] , m-carbon [5] , bct-C4 [6] , z-carbon [7] , which are experimentally identified or theoretically predicted. The condition of their formation and physical and chemical properties of them are not fully understood. This paper reports the formation of unusual carbon-containing solid during attempts to synthesize bismuth-doped diamond by plasma CVD. Doped diamonds are attractive for various exceptional applications [8] [9] [10] [11] , but it is extremely difficult except for a very few number of elements, such as B, N and P. Since the efficient dopants and their combinations are still being developed for various applications, a simple and versatile technique for the doping of diamond is needed. We here present an attempt to dope bismuth in diamond. If the bismuth doping becomes possible, a good n-type diamond semiconductor might be obtained because the binding energy of the outmost electron decreases as the element size increases. However, this relation does not hold true for P and As in diamond [12] . Clarifying this issue is important for the semiconductor application of diamond. Even if the doping of bismuth to the diamond lattice is impossible, the composite material between bismuth and diamond may be useful because of the catalytic function of CO2 reduction and electrochemical metal sensing ability of bismuth [13, 14] combined with electrochemical functions of boron-doped diamond [15] .
Popular methods for the doping of the diamond are as follows: (1) using gaseous compounds of dopants [16] , or (2) ion implantation followed by annealing [17] . Method (1) has a problem of using toxic gases, whereas method (2) has the problem of a low throughput. We developed a simple and versatile method to supply foreign elements during the plasma CVD, i.e., the solid source immersion in the plasma for the diamond CVD [18] , which is similar to the method developed by Kohn et al. for delta-doping [19] . This method has an advantage of supplying various elements with a high concentration without the problems stated above. We examined the films by XRD, XRF, Raman spectroscopy, isotope microscopy and TEM. 3 
2.Experimental

Apparatus
We used compact microwave plasma CVD equipment which uses a microwave antenna as the sample holder (ARIOS DCVD-51A-SSP). A movable rod was vertically attached to this equipment to immerse the solid source ( Fig.1 (a) ). The materials we used as substrates were Si substrates ((100) orientation, 5 × 5 mm), single crystal diamond substrates ((100) oriented, 2.5 × 2.5 mm) and Mo grids for the TEM analysis. The Si substrates were cleaned by the RCA method and scratched by nano-diamond powder in ethanol in an ultrasonic bath for nucleation. The single crystal diamond substrate was cleaned by an H2 plasma. The Mo grids were pretreated by the bias enhanced nucleation (BEN) method [20] . The MW power, total pressure, gas ratio and bias voltage were maintained at 200 W, 3000 Pa, CH4/H2= 10 % and -200 V, respectively. The BEN treatment time was 30 minutes. The substrate holder was made of graphite, because there is a report on abnormal diamond grain growth using a Mo substrate holder [21] , and the graphite is easily machined to the designed shape. A specially designed apparatus for immersing the bismuth was attached to the end of the movable rod. Figure 1 Bismuth is an element of a low melting point (271.4°C) and it melts by the plasma heat and is released from the opening between the reservoir and the lid like ink from a fountain pen. The distance between the bismuth source and the plasma ball is variable, and we have established a calibration procedure to obtain stable results about the bismuth concentration. Figure 1 (c) shows the optical image of the sample and inserted rod in plasma. The blue light emission corresponding to Bi (472.25 nm, 2 D3/2→ 3 P1/2) indicates evaporation of the bismuth [22] . It shows that we can constantly supply Bi at a high concentration. The flow rates of the source gases (H2 and CH4) were electronically regulated by mass flow controllers. The substrate was heated by microwaves and its temperature was measured by a radiation thermometer. The typical temperature was 1050 o C.
2.2 Growth conditions
We initially grew intrinsic poly-crystalline diamond films on the Si substrate to prevent a possible reaction of Bi with Si (~ 15µm thick). We then inserted the bismuth source into the plasma and applied several bias voltage patterns to the substrate. The growth conditions of the intrinsic diamond CVD were optimized to quickly grow the diamond with a good crystallinity. The growth rate was 0.8 µm/h. The detailed growth conditions and sample descriptions are summarized in Tables 1 and 2, respectively. The applied bias voltage was changed to determine how the bismuth was included in the films. No bias was applied in condition (a). Positive bias was constantly applied in condition (b). A negative bias was constantly applied in condition (c). An alternating bias was used in condition (d). We prepared three types of samples with different growth conditions for the TEM analysis. The sample (d-i) was pre-treated for nucleation by the BEN method and grown in the mixture gas containing CH4, H2, Ar, just as for the Si and diamond substrates. The sample (d-ii) was not treated for nucleation and grown in the mixture gas containing CH4, H2 and Ar. The sample (d-iii) was not treated for nucleation and grown in the mixture gas only containing H2 and Ar.
Characterization
The concentration of bismuth in the samples was studied by X-ray fluorescence (JEOL JSX-3100R II, [23] . The nanoscale structure and composition were examined by TEM with EDS (JEOL JEM-2010). The in-plane distribution and depth profile of Bi was analysed using an isotope microscope [24] .
Results and Discussion
Figures 2 (a)~(c) show the result of XRF data results for the growth conditions (a)~(c) in Table 2 .
Bismuth was detected only from sample (c). It is thus considered that the negative bias voltage promotes the inclusion of the bismuth into the diamond films. Table 2 .
Figures 3 (a)~(c) show the corresponding XRD data. Sample (a) contained graphite, SiC and diamond.
Sample (b) contained diamond and SiC only. Generally, SiC was observed as a by-product from the CVD diamond films on Si. [25] However, sample (c) was composed of diamond with a graphitic impurity.
Therefore, we attempted a new pattern of applying bias to the substrate. For the new condition (d), the polarity of the bias was alternatingly switched every 30s. As a result, bismuth was also detected in sample (d) (Fig.2 (d) ). As for the graphitic impurity detected by XRD, the ratio of graphitic/diamond species in sample (d) was about 1 / 5 of sample (c). The depth profile of bismuth in sample (d), possibly caused by alternating the bias voltage, will be discussed later.
The laser microscopy data of Fig. 4 (a) shows the surface morphology of the bismuth-immersed sample grown on the single-crystal diamond substrate by an alternating bias (sample (d') in Table 2 ).
The surface of the sample was rough with non-epitaxial grains. In contrast, epitaxial grains were 6 observed in Fig. 4 (b) that shows the sample growth without immersing bismuth in the plasma (sample (d") in Table 2 ). It indicated that immersing bismuth enhances the abnormal grain growth. Generally, applying a positive bias to the substrate is used for enhancing the growth of the diamond, because the positive bias enhances the reactivity of the hydrogen radical on the surface of the substrate and increases the etching rate of the graphitic species [26] . On the other hand, applying a negative bias to the substrate increases the frequency of the ion bombardment. The ion bombardment causes etching of the diamond and accelerates the synthesis of sp 2 carbon species (i.e., graphite). It results in graphitic impurities in the sample remaining without being etched. However, the result of samples (d) and (d') (the sample using the diamond substrate) indicated that applying an alternating bias is effective to decrease the amount of graphitic impurities and incorporating bismuth into the film. Figure 5 shows the results of the Raman microscopy. Spectra taken from the sample grown with bismuth showed several different shapes depending on the position of the sample. The spectrum taken from the area of the flat crystal surface (Fig.5 (a) ) had a smooth shape with a diamond peak (1332 cm -1 ).
The poor crystallinity of the diamond seen from the broad background is probably due to the supply of 7
Ar gas in the plasma, which will be discussed later. On the other hand, the spectrum taken from the area containing grain boundaries shows many peaks (Fig.5 (b) ). It indicates the existence of a molecule-like carbon species or bismuth-carbon compounds at the grain boundaries. An example of a molecule-like carbon species is a diamondoid, i.e., a molecule composed of carbon with the sp 3 structure (C4n+6H4n+12, n=1 ~ 5), which shows Raman spectra with many peaks [27] [28] [29] . Another possibility is Bi and C cluster molecules. Although there are no reports on the crystalline compounds of Bi and C to the authors' knowledge, there are some reports on cluster molecules made of bismuth and carbon. [30] [31] [32] Raman measurements of them have not been made. The surface morphology of this sample by using a laser microscope.
The distribution of Bi in the sample was characterized by an isotope microscope ( Fig.6 (a) ). Carbon was uniformly distributed, while Bi was observed as spots. The distribution of Bi was similar to that of the grain boundaries ( Fig.6 (b) ). This indicates that the Bi had condensed between the grains of the diamond. The depth profile of bismuth was obtained by continuous SIMS-type operation of the 8 isotope microscope. We carefully examined any periodicity in the depth profile, but the intensity of bismuth was constant. It suggests that the effect of the alternating bias was concentrated in each grain boundary, not forming layers in the film. It is reasonable if we assume that the period of the alternating bias was shorter than the growth time of each crystalline grain. Figure 7 shows the results of the TEM analysis. From samples (d-i), we observed two kinds of structures, i.e., large grains ( Fig.7 (a) ) and nanoparticle aggregates (Fig.7 (b) ). The diameter of the large grains and nanoparticles were 200 nm and 5 ~ 10 nm, respectively. It seems that the nanoparticles are covered with a thin wrapping (Fig.7(b) inset) . The large grains were identified as diamond from the selected area electronic diffraction (SAED). The region of the nanoparticle aggregates showed SAED with rings and spots with a strong halo. The lattice constants estimated from some of the rings and spots agreed with those of an unusual allotrope of carbon that is called
Chaoite. Chaoite was first reported in meteorites [1, 2] , and it was also found as one of the byproducts during diamond plasma CVD at the very early stages [33] , laser photochemical etching [34] , carbon liquid quenching [35] , and electrochemical processes [36] . Although the structure of Chaoite has not been elucidated in detail, it is considered to contain a carbyne structure [1, 2] , which can be very hard.
[3] processes. The source gas including Ar is not commonly used for the diamond thin film growth but used to synthesize a ultra-nano-crystalline diamond film [37] . When we used H2 + CH4 gas without Ar gas, the amount of synthesized nanoparticle-aggregates were supressed and the concentration of bismuth was low. In our growth conditions, the gas consisted of H2 : Ar = 1:1 yieled poly-crystalline diamond and the nanoparticle aggregates at grain boundaries. observed by the Raman microscopy ( Fig.5 (b) ). The core is composed of bismuth. There are also crystals of the unusual carbon allotrope Chaoite in this region.
Since Bi-containing compounds show various useful functions such as photocatalysis [38] [39] [40] and multiferroics [41] partly in relation to the lone pair in the valence shell of Bi, the Bi-C nanocomposite reported here may add a new variation in the functional Bi compounds and composites [42] . 
Conclusions
We investigated the possible doping of bismuth in diamond by immersing bismuth in the plasma during the CVD growth of diamond. The resulting film was polycrystalline diamond showing an abnormal nucleation. The main portion of bismuth in the film was not in the diamond lattice, but it was included in the core of the aggregated nanoparticles at the grain boundaries. The shell of the nanoparticles contains molecule-like species such as diamondoids or Bismuth-carbon clusters. We also detected the unusual carbon allotrope Chaoite near the grain boundary.
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